The authors' objective was to discern whether lifestyle or health-related factors were confounders, effect modifiers, or irrelevant with regard to understanding observational associations of serum 25-hydroxyvitamin D (25(OH)D) with colorectal and breast cancer. The authors conducted nested case-control studies of colorectal cancer (310 cases, 310 controls) and breast cancer (1,080 cases, 1,080 controls) in the Women's Health Initiative Calcium and Vitamin D Clinical Trial (1994-2005). Case-control matching factors included age, latitude, race/ethnicity, and blood collection date. Serum 25(OH)D was assayed in baseline fasting blood. Conditional logistic regression was used to estimate odds ratios for each cancer by serum 25(OH)D concentration, comparing the relative effects of successively adding body mass index, physical activity, and other health and lifestyle characteristics particular to each cancer. In models with matching factors only, low (vs. high) serum 25(OH)D was associated with a colorectal cancer odds ratio of 2.72 (95% confidence interval (CI): 1.55, 4.77) and a breast cancer odds ratio of 1.33 (95% CI: 1.02, 1.72). In multivariate-adjusted models for colorectal cancer, the association strengthened (OR ¼ 4.45, 95% CI: 1.96, 10.10). However, in multivariate-adjusted breast cancer models, associations were no longer significant (OR ¼ 1.06, 95% CI: 0.78, 1.43). Adjusting for health and lifestyle characteristics has differential effects depending on the cancer site; when modeling such relations, investigators should take these factors into account. The relation between vitamin D and cancer risk is unclear. Support for a potential chemopreventive effect of vitamin D comes from cell lines, animal studies, observational studies, and very small clinical trials (1-7). Nonetheless, the relation of vitamin D to specific cancers, including breast and colorectal cancers, remains controversial, particularly since both clinical trials and observational studies have not been consistent in either the direction or the magnitude of associations (8). The inconsistent findings may be due to: lack of uniformity in identifying the exposure (i.e., serum vitamin D status, self-reports of vitamin D intake from food and supplements, solar exposure); challenges associated with accurately assessing solar exposure (9); use of varying doses in supplement trials; and a lack of understanding about factors that influence biomarkers of vitamin D status (8, (10) (11) (12) .
The relation between vitamin D and cancer risk is unclear. Support for a potential chemopreventive effect of vitamin D comes from cell lines, animal studies, observational studies, and very small clinical trials (1) (2) (3) (4) (5) (6) (7) . Nonetheless, the relation of vitamin D to specific cancers, including breast and colorectal cancers, remains controversial, particularly since both clinical trials and observational studies have not been consistent in either the direction or the magnitude of associations (8) . The inconsistent findings may be due to: lack of uniformity in identifying the exposure (i.e., serum vitamin D status, self-reports of vitamin D intake from food and supplements, solar exposure); challenges associated with accurately assessing solar exposure (9) ; use of varying doses in supplement trials; and a lack of understanding about factors that influence biomarkers of vitamin D status (8, (10) (11) (12) .
In its recent vitamin D consensus report, the Institute of Medicine concluded that there was a lack of evidence in support of a consistent or causal relation between vitamin D and cancer risk and that more research was needed to fill the gaps in understanding vitamin D-cancer associations (13) . To understand the role of health and lifestyle characteristics and their influence on serum 25-hydroxyvitamin D (25(OH)D) in subsequent development of invasive breast and colorectal cancer, we further analyzed data from 2 case-control studies nested within the Women's Health Initiative (WHI) randomized, placebo-controlled clinical trial of calcium plus vitamin D. The primary trial outcome was hip fracture; other fractures and colorectal cancer were secondary outcomes (14, 15) . There was no intervention effect of trial supplementation on the risk of either breast or colorectal cancer (15, 16) . These previous reports provided important data on vitamin D-cancer associations, but much remains to be learned about understanding predictors of serum 25(OH)D and how best to model their associations with cancer risk. This report is focused on methodological issues related to understanding the extent to which lifestyle and healthrelated characteristics influence the association of the principal biomarker of vitamin D, 25(OH)D, with breast and colorectal cancer risk. We expect that the findings will have implications for analytic approaches that should be considered when examining vitamin D-cancer associations.
MATERIALS AND METHODS

Study design
The WHI Clinical Trial was a set of 3 overlapping randomized trials conducted at 40 clinical centers throughout the United States. Details of the trial design, recruitment, and results have been published previously (14, 15) . Briefly, eligibility included being a postmenopausal woman aged 50-79 years with a life expectancy of at least 3 years, no prior breast cancer, and no other cancer within the previous 10 years. At baseline (1993 At baseline ( -1998 , women were enrolled in either the hormone trials (n ¼ 27,347) or the dietary modification trial (n ¼ 48,835). After 1 year, participants were Cancer outcomes were identified as part of semiannual health updates. Self-reported cancers were confirmed after review of medical records by trained local and central physician adjudicators (19) . During the CaD Trial, 310 colorectal cancers and 1,080 invasive breast cancers were reported and confirmed. In a nested study design, controls were matched to respective cases on age, latitude of the clinical center (or clinical center location if latitude was not available), race/ ethnicity, and blood collection date. Breast cancer cases were also matched on WHI trial arm (hormone trials or dietary modification trial) (15, 16) .
Blood collection and 25(OH)D assay
Fasting blood samples were collected at year 1 (baseline enrollment in the CaD Trial) using a standard protocol and were stored at À80°C until analysis. Serum concentrations of 25(OH)D were assayed by means of the DiaSorin Liason chemiluminescent assay (DiaSorin, Stillwater, Minnesota). The assay coefficient of variation (11.8%) was determined using blinded duplicates in each assay batch. Cases and matched controls were analyzed in the same batch. Laboratory personnel were blinded to the case/control status of samples.
Covariate assessment
Medical history. On average, for women in the CaD Trial, 75%-91% of participants completed mammograms in years 2, 4, 6, and 8 as part of their WHI participation. Colorectal cancer screening was not required as part of trial participation; however, self-reported screening was routine and did not differ between active and placebo women (15) . Family history of breast and colorectal cancer was ascertained by self-report. Use of estrogen or estrogen plus progestin was determined by the randomization assignment for hormone trial participants. Since personal use of hormone therapy was permitted for dietary modification trial participants, hormone use by those women was determined by medication inventory for current users and by self-report for those who were not current users. Gail risk scores were calculated from selfreports of personal risk factors for breast cancer (14) .
Diet/dietary supplements. Diet was assessed using a food frequency questionnaire designed specifically for the WHI (17) . Personal dietary supplement use was assessed by means of an interviewer-administered supplement inventory form (18, 20) . Total vitamin D intake was calculated as food plus supplements.
Exposure to solar ultraviolet radiation. Solar irradiation exposure was assessed for each WHI clinical center in langleys (gram-calories per cm . Langleys measure the mean amount of solar radiation that reaches the ground annually; this is an estimate of sunlight exposure (10) . Watts are used to estimate the daily ultraviolet B flux reaching the earth within the range required for cutaneous synthesis of vitamin D; 1989 data for watts were obtained from the National Aeronautics and Space Administration (10) .
Anthropometry. Height, weight, and waist and hip circumferences were measured at baseline and at each visit thereafter. Body mass index (BMI) was calculated as weight (kg)/height (m) 2 . For these analyses, the BMI used was that which corresponded to the blood draw date.
Lifestyle habits and demographic characteristics. Participants completed a baseline questionnaire for usual recreational physical activity, walking, smoking, and alcohol intake. Age and race/ethnicity were ascertained by self-report. 
Statistical analysis
Conditional logistic regression was used to compute odds ratios and 95% confidence intervals for colorectal and breast cancer risk. All models were conditioned on the case-control matching factors (age, latitude of WHI clinical center, race/ ethnicity, and date of blood collection). We built a set of models for each cancer that successively added covariates known to influence serum 25(OH)D concentrations, breast cancer risk, or colorectal cancer risk (10, 11) . Variables were added in the order of their known or hypothesized strength as potential confounders. The adjusted models included randomization assignment (calcium-vitamin D or placebo), BMI (log-transformed, continuous), leisure physical activity (tertiles of metabolic equivalent (MET)-hours/week), smoking (past, current, or never), alcohol intake, and postmenopausal hormone therapy. For the colorectal cancer models, additional covariates included colorectal cancer screening within the previous 5-6 years (yes/no), family history of colorectal cancer (yes/no), red meat intake, and total calcium intake (food þ supplements). The primary exposure, serum 25(OH)D, was modeled as a categorical variable. For the breast cancer models, additional covariates included having undergone a mammogram within the previous 2 years (yes/no) and 5-year Gail risk score (age at menopause, age at first livebirth, number of previous breast biopsies, number of first-degree relatives with breast cancer) (21) . Additional variables were examined in relation to both cancer outcomes, but they were not included in the final models because they were either highly collinear with other covariates (season of blood collection, waist:hip ratio) or were neither influential in parameter estimates nor statistically significant (langleys and watts) (10) .
We also investigated whether the main effects for associations of serum 25(OH)D with risk of either colorectal cancer or breast cancer were modified by physical activity, BMI, postmenopausal hormone therapy, or use of vitamin Dcontaining dietary supplements. Multiplicative interaction was tested by creating categories for each potential effect modifier (tertiles of physical activity (MET-hours/week); BMI categories (normal (<25.0), overweight (25.0-29.9), or obese (!30.0)); never use of hormone therapy vs. ever use; never/ past use of hormone therapy vs. current use; baseline use of vitamin D-containing dietary supplements (!100 IU/day) vs. nonuse). We constructed linear terms by creating a crossproduct of each of these categories with the median values of the quartiles of the serum 25(OH)D distribution. Evidence for effect modification was tested using the Wald chi-square test (1 df). In the BMI-stratified models, BMI was also included as a continuous variable within each stratum to further control for confounding by BMI. All tests were 2-sided, with P < 0.05 as the criterion for statistical significance. Analyses were conducted using SAS, version 9.2 (SAS Institute, Inc., Cary, North Carolina).
RESULTS
The associations between various demographic and healthrelated characteristics and serum concentrations of 25(OH)D provide information about factors that may confound the associations of serum 25(OH)D with breast and colorectal cancer risk (Tables 1 and 2 ). The 25(OH)D quartile cutpoints for these analyses were based on the distribution among the controls for each case-control group, and since these distributions differed for breast and colorectal cancer groups, results are presented in separate tables. A priori, we considered factors previously shown to be predictors of serum 25(OH)D in WHI (10), as well as factors known to be associated with breast or colorectal cancer risk (14) . The case-control matching factors were not included as covariates in the models (see Materials and Methods section) but are presented in these tables as informational.
Across the colorectal cancer case-control group, statistically significant differences in serum 25(OH)D concentration were observed by waist circumference, race/ethnicity, BMI, recreational physical activity (MET-hours/week), total vitamin D intake (food þ supplements), total calcium intake (food þ supplements), alcohol intake, and use of postmenopausal hormone therapy. In the breast cancer case-control group, the demographic and lifestyle characteristics associated with serum 25(OH)D included age, waist circumference, race/ethnicity, BMI, recreational physical activity, total vitamin D intake, alcohol intake, and postmenopausal hormone therapy. Table 3 provides results for associations of serum 25(OH)D with colorectal cancer risk. We began with the basic model (case-control matching factors) and successively added the variables thought most likely to confound the associations: trial arm assignment, BMI, and physical activity. Subsequent models included smoking, colorectal cancer screening, family history of colorectal cancer, postmenopausal hormone therapy, alcohol intake, and red meat intake. Little variation in the odds ratio estimates was observed as the initial covariates were added to the model, but the odds ratios strengthened as the final, full model was built. In the fully adjusted model, compared with participants with a high serum 25(OH)D concentration, those with low serum 25(OH)D values had a 4.5-fold increased risk of colorectal cancer (odds ratio (OR) ¼ 4.45, 95% confidence interval (CI): 1.96, 10.10; P-trend ¼ 0.003). We also examined additional measures of adiposity in the model, such as adding waist circumference and replacing BMI with waist circumference (data not shown). However, since there were no meaningful differences in the parameter estimates, we retained only BMI in the final model as shown.
Associations of serum 25(OH)D with invasive breast cancer are presented in Table 4 . The model-building followed the same approach as that for colorectal cancer. The odds ratio for invasive breast cancer was 1.33 (95% CI: 1.02, 1.72; P-trend ¼ 0.01) in the basic model, with nearly identical results for the model adjusted only for CaD arm. When BMI and physical activity were added to the model, the results were strongly attenuated. Most of the subsequent odds ratios hovered around the null value of 1.0, and 95% confidence intervals included 1.0. The final model was adjusted for CaD arm, BMI, physical activity, smoking, mammography, Gail 5-year risk score, use of hormone therapy, and alcohol intake. In subgroup analyses restricted to estrogen receptor-positive breast cancer, results did not differ (data not shown).
We next investigated whether associations of serum 25(OH)D with either breast cancer risk or colorectal cancer risk were modified by use of hormone therapy, BMI, physical activity, or use of vitamin D-containing dietary supplements (Table 5 ). While the colorectal cancer odds ratios for low (vs. high) serum 25(OH)D were stronger for never or past users of hormone therapy than for current users (OR ¼ 4.12 and OR ¼ 2.19, respectively), the P value for the formal interaction test was not statistically significant (P ¼ 0.56). The association of 25(OH)D with colorectal cancer risk differed by BMI (P for interaction ¼ 0.01). For women of normal weight (BMI <25.0), the colorectal cancer odds ratios were nonsignificant and relatively constant across the 25(OH)D distribution, whereas for women with BMIs of 25.0-29.9, an increased risk was observed for women in the lowest quartile of serum 25(OH)D (OR ¼ 3.75, 95% CI: 1.25, 11.25) compared with the referent. For obese women (BMI !30.0), increased risks were observed across the quartiles, but the greatest risk was seen among obese women in the lowest quartile of serum 25(OH)D concentration (OR ¼ 7.43, 95% CI: 2.10, 26.27). There was no evidence of effect modification by physical activity (P for interaction ¼ 0.85) or use of vitamin D-containing dietary supplements (P for interaction ¼ 0.82). For breast cancer, there was no evidence for effect modification by hormone therapy use, BMI, physical activity, or use of vitamin Dcontaining dietary supplements.
DISCUSSION
Our objective in this study was to gain insight into the analytic approaches that should be considered when testing associations between serum 25(OH)D and cancer risk in postmenopausal women. In this nested case-control study from the WHI CaD Trial, women with a low serum 25(OH)D concentration, versus those with a high concentration, had over a 4-fold increased risk of colorectal cancer. Our careful and systematic statistical adjustment for health and lifestyle variables thought to confound these associations, such as BMI and physical activity, had very little influence on the odds ratio estimates, and the associations remained strong and robust in all models. Further, the associations were not modified by postmenopausal hormone therapy, physical activity, or use of vitamin D-containing dietary supplements. However, we did observe modest effect modification of the 25(OH)D-colorectal cancer association by BMI. Conversely, we observed no association of serum 25(OH)D with either total breast cancer risk or estrogen receptor-positive breast cancer.
Our principal goal was to explore the extent to which behavioral and lifestyle factors influenced the associations of serum 25(OH)D with colorectal and breast cancer risk. The odds ratio estimates for colorectal cancer varied little when health and lifestyle covariates were added to the 
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Am J Epidemiol. 2012;175 (7):673-684 models. For breast cancer, adjustments attenuated the association. Our initial data exploration revealed that serum concentration of 25(OH)D differed by race/ethnicity, physical activity, BMI, waist circumference, and age, similar to findings in other cohorts (11) . However, in a previous analysis, these predictive factors together explained only 21% of the variation in 25(OH)D concentrations in this sample of WHI participants (10), suggesting that much remains to be learned about predictors of serum 25(OH)D. For example, genetic factors probably also contribute to between-person variation in serum 25(OH)D concentrations (12) and perhaps increased risk of colorectal or breast cancer. The lack of strong differences in the odds ratio estimates after addition of the covariates to the models for colorectal cancer suggests that such factors' role as potential confounders of these vitamin D-cancer associations may be less important than previously thought. However, for breast cancer, these factors do appear to confound associations. Clearly, the relations between vitamin D and its predictors and the ensuing relation to cancer outcomes are complex and may differ by cancer site, necessitating careful analytic approaches for various cancers that may be affected differently by certain lifestyle factors. For example, we observed modest effect modification of the serum 25(OH)D-colorectal cancer association by BMI. For obese women in the lowest quartile of serum 25(OH)D, the risk of colorectal cancer was 7 times that for obese women in the highest quartile group. Conversely, we observed no differences in risk estimates across the serum 25(OH)D distributions for women with BMI <25.0.
The data in this report confirm previous WHI findings and are similar to reports from other studies in which lower serum vitamin D and/or lower intake of vitamin D appeared to be associated with increased colorectal cancer risk (2, (22) (23) (24) . Evidence related to vitamin D and breast cancer risk is less consistent (25) . Many previous studies of both cancers have used surrogates of vitamin D exposure, such as diet, dietary supplements, and sunlight exposure, rather than serum measures (3, 23, (26) (27) (28) (29) . Relatively few prospective studies have examined biomarkers of vitamin D status as we have done here. In the Nurses' Health Study, high (vs. low) serum 25(OH)D was associated with a 47% reduced risk of colorectal cancer. The associations were strongest for women older than 60 years and for tumors in the distal colon and the rectum (30) . Of 2 earlier studies, a small case-control study 1 df) ). a The colorectal cancer analysis included 310 cases and 310 controls. Colorectal cancer models were adjusted for WHI intervention arm, body mass index, smoking, physical activity (except for physical activity model), colorectal cancer screening within the past 5-6 years, family history of colorectal cancer, and use of hormone therapy (except for hormone therapy use models).
b Weight (kg)/height (m) 2 . c Use was defined as !100 IU/day. d The breast cancer analysis included 1,080 cases and 1,080 controls. Breast cancer models were adjusted for WHI intervention arm, body mass index, physical activity (except for physical activity models), smoking, mammography within the previous 2 years, Gail 5 -year risk score, and use of hormone therapy (except for hormone therapy models).
found a strong inverse association of high (vs. low) serum 25(OH)D with colon cancer risk (24) , while a nested casecontrol study including 57 cases found no association (31 (37) . The other was a nested case-control study which demonstrated a modest inverse association of serum 25(OH)D with breast cancer risk (38) . More recently, in a meta-analysis of breast cancer case-control and nested case-control studies (39) , the overall summary relative risk was 0.89 for each 10-ng/mL increase in serum 25(OH)D concentration, but the authors concluded that only prospective studies should be used for inferences regarding breast cancer risk (largely because of the timing of the blood draws in the case-control studies and other design limitations). The summary relative risk for the 5 cohort studies was 0.97 (95% CI: 0.92, 1.03) (39) . Low serum 25(OH)D concentration was associated with breast cancer-related mortality in one study (40) but not in another (41) .
We and other investigators (39) have no firm explanation for why the accumulating evidence suggests that lower serum 25(OH)D concentrations are associated with increased risk of colorectal cancer but not breast cancer. This evidence is strengthened by relatively consistent data demonstrating inverse associations of serum 25(OH)D with precursor conditions for colorectal cancer (i.e., adenomas) (42-44) but not precursors for breast cancer (i.e., breast density) (45, 46) . One reason for the differential associations by cancer site may be that vitamin D plays a unique, direct role in the human gut, both to maintain calcium and phosphorus homeostasis and to bind bile acids (47, 48) . Whether these functions have an independent role in relation to carcinogenesis that may not exist in other tissues is unknown.
Strengths of this study include the prospective nature of the study and the well-characterized WHI population with extensive details on health, demographic, and lifestyle characteristics, which allowed us to explore the role of several lifestyle factors in the associations. Further, WHI has comprehensive monitoring of cancer screening tests and central adjudication of cancer endpoints. Limitations include a single assessment of serum 25(OH)D concentration. Some evidence suggests that use of more than 1 measure may improve precision (49, 50) . However, in a cohort study, Jorde et al. (51) tracked serum 25(OH)D concentrations among 2,668 participants over 14 years and found that serum 25(OH)D remained relatively stable over time. Finally, as in all observational studies, residual confounding may exist, particularly in relation to variables that were measured with error or variables that were not measured at all in WHI.
In conclusion, in 2 case-control studies nested within the WHI CaD Trial, a low (vs. high) serum 25(OH)D concentration was associated with an over 4-fold increased risk of colorectal cancer after multivariable adjustment. However, we observed no association of serum 25(OH)D concentrations with breast cancer risk, similar to a previous finding (16) . We sought to determine whether several plausible lifestyle variables confounded the associations; such evidence was found for breast cancer but not for colorectal cancer. The basis for the divergent response to multivariable adjustment remains uncertain, but these results may suggest different biologic pathways for vitamin D across cancer sites. Still, one of the important questions yet to be answered is whether the observed associations with colorectal cancer are causal or merely reflective of other, unmeasured or inadequately measured confounding variables associated with healthy behaviors, such as regular physical activity, good dietary habits, and healthy body weight. Whether interventions designed to change serum 25(OH)D status will reduce risk of either colorectal cancer or breast cancer remains unknown. It is crucial to address these questions in order to offer the most appropriate advice to clinicians and their patients regarding vitamin D's role in cancer prevention.
